Campylobacter jejuni and Campylobacter coli are the biggest causes of bacterial gastroenteritis in the developed world, with human infections typically arising from zoonotic transmission associated with infected meat. Because Campylobacter is not thought to survive well outside the gut, host-associated populations are genetically isolated to varying degrees. Therefore, the likely origin of most strains can be determined by host-associated variation in the genome. This is instructive for characterizing the source of human infection. However, some common strains, notably isolates belonging to the ST-21, ST-45 and ST-828 clonal complexes, appear to have broad host ranges, hindering source attribution.
Introduction
Campylobacter jejuni and Campylobacter coli are zoonotic pathogens with broad host ranges, carried, apparently asymptomatically, as part of the gut microbiota of a range of wild and domesticated mammal and bird species. Common carriage in the gut of animals and poultry farmed for meat leads to numerous opportunities for contamination of food products, which may take place at various points from farm to fork (Neimann et al., 2003) . Human-to-human transmission is rare (Allos, 2001) , hence Campylobacter infection in humans tends to be sporadic, and seldom manifests as outbreaks except when a single point source results in direct transmission to many people, for example, via contaminated drinking water (Palmer et al., 1983; Pebody et al., 1997; Engberg et al., 1998; Clark et al., 2003) .
The sources of human Campylobacter infection have been well characterized at the population level. Genetic analysis, particularly using seven-locus multilocus sequence typing (MLST) data, has helped to attribute the sources of clinical infections by exploiting differences in the frequency of Campylobacter strains that live in different animal and environmental reservoirs (McCarthy et al., 2007) . For example, isolates belonging to related sequence types (STs) from the ST-257 and ST-61 clonal complexes are strongly associated with chicken and ruminants, respectively (Sheppard et al., 2011) . Wild bird species also serve as different bacterial niches, generally being colonized by phylogenetically divergent Campylobacter lineages regardless of shared geography (Griekspoor et al., 2013) . Independent MLST-based studies in England, Scotland and New Zealand found that 495% of human infections are attributable to animals farmed for meat and poultry, with 56-76% of cases attributable to poultry in particular (Wilson et al., 2008; Mullner et al., 2009; Sheppard et al., 2009) .
However, at the individual isolate level, there is often considerable uncertainty in source attribution because some of the most common disease-causing strains, notably those belonging to the ST-21, ST-45 and ST-828 clonal complexes, are regularly isolated from multiple animal species. This means that quantitative attribution to a single host reservoir is difficult using MLST data alone. The reason for the apparently broader host range of these lineages is not currently understood and may reflect true host generalism (Gripp et al., 2011; Sheppard et al., 2014) or the existence of host-restricted sublineages within these clonal complexes.
The increasing availability of whole-genome sequence data provides a potential solution to the challenge of attributing the origin of generalist strains in clinical samples, as a host-specific signal might be gleaned from the remaining 99.8% of the genome outside the seven loci sequenced by standard MLST. Genomics has been used to investigate direct transmission events in a range of bacterial species, including Staphylococcus aureus (Harris et al., 2010; Price et al., 2014) , Clostridium difficile (Eyre et al., 2013) and Mycobacterium tuberculosis (Walker et al., 2013) . This raises the prospect of enhancing understanding of Campylobacter epidemiology, for example, by identifying individual retailers or producers of Campylobacter-contaminated food in cases of human infection, and detecting cryptic point source outbreaks (Cody et al., 2013) . Ultimately this information can help to inform targeted interventions and reduce the incidence of human campylobacteriosis (Sears et al., 2011) .
In this study, we investigated the utility of wholegenome sequence data for improving the accuracy with which human cases can be attributed to particular animal reservoirs by focusing on common strains that are difficult to attribute with MLST. Specifically, we sought to detect fine-scale hostspecific genetic structuring within C. jejuni ST-21 and ST-45 complex and C. coli ST-828 complex isolates sampled from different animal species and to exploit that signal to improve human source attribution. We observed extraordinarily rapid rates of zoonotic transfer within these strains leading to little or no phylogenetic association with host species, limiting the ability of whole-genome sequencing to improve source attribution, but revealing new insight into the transmission dynamics within these common Campylobacter strains.
Materials and methods

Sequences
The ST-21 and ST-45 (C. jejuni) and ST-828 (C. coli) clonal complexes were chosen as the focus of the study, because they are among the most common lineages causing human disease but are difficult to attribute to source populations using seven-locus MLST data (Wilson et al., 2008; Sheppard et al., 2009) . Isolates from these three clonal complexes were chosen from MLST collections (www.pubmlst. org/campylobacter, Jolley and Maiden (2010) ), sequenced and assembled according to the protocols described in Sheppard et al. (2013a,b) and Cody et al. (2013) . In total, 348, 87 and 158 sequences were obtained for the ST-21, ST-45 and ST-828 complexes, respectively (Lefébure et al., 2010; Cody et al., 2013; Sheppard et al., 2013a Sheppard et al., ,b, 2014  see Supplementary Table S1 ). Isolates belonging to these complexes are predominantly associated with chicken and cattle, from where the majority of animal samples were obtained (13 chicken isolates from each of the clonal complexes, and 7, 9 and 10 cattle isolates for the ST-21, ST-45 and ST-828 clonal complexes, respectively). In addition, three ST-45 complex isolates were included from wild bird species and six ST-828 complex isolates from pigs. Clinical disease isolates (328, 68 and 128 for the ST-21, ST-45 and ST-828 clonal complexes, respectively) were obtained from a surveillance study of samples submitted to the microbiology laboratory of the John Radcliffe Hospital, Oxfordshire, UK.
After Illumina sequencing (Illumina, San Diego, CA, USA), the high coverage short reads were de novo assembled using Velvet (Zerbino and Birney, 2008) , and the resulting contiguous sequences ('contigs') stored using BIGSdb (Jolley and Maiden, 2010) . These contigs were then compared with the NCTC11168 reference sequence (Genbank accession number: AL111168) to identify genes using a BLAST search (Parkhill et al., 2000; Gundogdu et al., 2007) . Only coding genes found in the NCTC11168 reference were used, as intergenic regions can be difficult to align and the coding region still represents 94.3% of the genome (Parkhill et al., 2000) . Orthologous genes were defined as homologous genes that had ⩾ 70% nucleotide identity and o50% difference in alignment length. Genes for all isolates were then aligned using MUSCLE (Edgar, 2004) and concatenated into a single sequence per sample (available from Dryad Digital Repository: http://dx.doi.org/10. 5061/dryad.4428s).
Phylogenetic analysis
The phylogenetic reconstruction software BEAST (Bayesian Evolutionary Analysis by Sampling Trees) v1.7.5 (Drummond et al., 2012) was chosen for implementing the analysis. BEAST performs the Bayesian analysis of aligned sequence data and reconstruction of phylogenies under a variety of coalescent models. The advantage of this Bayesian setting is that by sampling a wide range and number of trees, there is no need to condition on a single tree when making inference, taking into account all of the uncertainty in the topology, branches and evolutionary model. There are a number of Bayesian methods for phylogenetic inference, and here BEAST has two advantages over other similar programs: the relaxed clock substitution model, which allows rates to vary between lineages, and a method for phylogeography (or discrete traits mapping) developed by Lemey et al. (2009) . This latter approach allows us to treat source populations as if they are distinct geographic entities, and by overlaying isolate source information on the phylogeny, we are able to describe the ancestry of different lineages in the context of host switching.
A constant population size was assumed, and all parameters were scaled in terms of the effective population size, N e , by fixing it to 1.0. The HKY85 model of nucleotide substitution (Hasegawa et al., 1985) was used with an uncorrelated log-normal relaxed clock and gamma rate heterogeneity with four categories (Drummond et al., 2006) . A lognormal prior with a mean of 1.0 and s.d. of 1.25 on the logarithmic-scale was assumed for the transition: tranversion ratio κ, and an exponential prior with a mean of 1.0 was utilized for the gamma shape parameter α. For the log-normal relaxed clock parameters, a uniform prior between 0.0 and 10.0 was assumed for the mean, and an exponential with mean 1.0 for the s.d. A uniform (Dirichlet) prior was used for the nucleotide frequencies.
We used the phylogeographic model by Lemey et al. (2009) to reconstruct zoonotic transmission and infer the source of the infection (host species) along the branches. This allows us to report the posterior probability of any node in the tree being in a particular state (that is, the most likely host of the ancestral lineage) and also to obtain relative rates of transition between states (that is, switching between host species). Given that human-to-human transmission is rare (Allos, 2001) , an ambiguity code was set up in the zoonotic model to allow the human isolates to have an 'unknown' source population. For each human isolate, the other host species in the analysis were given equal prior probability and thus most likely source of the human isolates could be inferred. A uniform prior from 0.0 to 100.0 was assumed for the host migration rate, a gamma prior with mean 1.0 and scale 1.0 for the relative rates of migration and a uniform (Dirichlet) prior for the host population equilibrium frequencies. To calculate the number of discrete zoonotic transmissions across the branches, Markov jumping was performed using BEAST (Minin and Suchard, 2008a,b; Talbi et al., 2010) .
The Markov Chain Monte Carlo was run for 500 million iterations, with samples taken every 10 000 iterations. For each ST, the analysis was repeated twice (three times for ST-21) with different initial values to check convergence and mixing, and these runs were combined for the final results. Unless otherwise stated, the posterior median was used for point estimates and the (2.5%, 97.5%) quantiles for credible intervals. The inferred ancestral host type for each branch in the phylogeny was taken to be the one with the highest posterior probability. Sample dates were not available for all isolates, so the analysis is given in coalescent time (denoted τ) and calibrated to years using an independent point estimate of the mutation rate in Campylobacter of 3.23 × 10 − 5 substitutions per site per year from Wilson et al. (2009) . This estimate was calculated from MLST data but currently represents the best available rate.
Accounting for ancestral recombination
There is good evidence that novel diversity in Campylobacter is generated frequently by the continued movement of genes between lineages, more so even than by the evolution of new variants through mutation Sheppard et al., 2010) . High levels of recombination lead to mosaic genomes with differing ancestral histories, and the full evolution of samples cannot be represented by a coalescent genealogy. There are software available (for example, ClonalFrame; Didelot and Falush, 2007) that allow ancestral relationships to be inferred alongside recombination events. However, such methods tend to be limited in their model choice and are often computationally slow, especially for large numbers of genomes.
During preliminary analyses using BEAST (Drummond et al., 2012) , a relaxed clock model and gamma site heterogeneity were used to try and account for the effect of recombination. Informally, this assumes that a recombination event with high sequence diversity on a branch is equivalent to that branch having a relatively high mutation rate when compared with branches with no or low diversity recombination events and is a step towards the model underlying ClonalFrame (Didelot and Falush, 2007) with the model flexibility of BEAST (ClonalFrame could not be used to account for recombination because it does not implement the phylogeography model). However, these preliminary analyses diagnosed difficulties in the mixing of the Markov Chain Monte Carlo algorithm underlying BEAST, with multiple runs of the same analysis frequently converging to different topologies.
Despite the fact that Campylobacter species are relatively highly recombining, the clonal frame (the genealogy of sites not subject to recombination) can be recovered from whole-genome sequences with high accuracy by maximum likelihood (Hedge and Wilson, 2014) . Therefore, we identified and removed the homoplasious sites incompatible with the maximum likelihood tree (Pupko et al., 2000; Guindon et al., 2010) . This resulted in a large proportion of variable sites being removed (Table 1) . By removing homoplasious sites and retaining only those sites compatible with the clonal frame, we essentially fix the tree topology to that of the clonal frame. This can shorten the deeper branches on the tree. However, the branch lengths are of less direct interest as the estimates of time of switching events is of secondary importance, and we do not expect homoplasy removal to strongly influence estimation of relative rates of transmission between host species-the principal aim of this study.
For the final data set, only the biallelic sites compatible with the inferred phylogeny were included in the alignment, alongside all of the nonvariable sites. The removal of homoplasies in this way resolved the mixing issues with BEAST. In addition, to improve computation time for later analyses (as BEAST imputes missing data at each iteration), missing alleles were imputed using ClonalFrameML (Pupko et al., 2000; Didelot and Wilson, 2015) .
Results
Fine-scale phylogenetic structure within STs Within the ST-21, ST-45 and ST-828 complexes, isolates from different host species were often more closely related than those isolated from the same host species (Figure 1 ). If the strains harboured previously undetected sub-ST lineages that were strongly host associated, one would expect to see distinct clusters of the same coloured branches together. However, this was not the case, with branches of the same colour-representing the reconstructed reservoir population of that lineagescattered throughout the tree in all STs. Furthermore, one could expect that isolates from mammalian hosts would be more closely related than those from avian species, reflecting enhanced transfer potential between physiologically similar hosts. Again, this was not observed, with bird isolates in the ST-45 complex and pig isolates in ST-828 complex being closely related to both chicken and cattle isolates. This may suggest that the ability to colonize a specific host has either evolved several times throughout the tree, most plausibly through horizontal gene transfer given that mutation is rare, or that the isolates are adapted to infect all species of host in the sample.
Much of the ancestral history of the lineages was inferred to have occurred within the chicken host population, shown by the dominance of yellow branches. The most recent common ancestor of all three clonal complexes was inferred to have colonized chicken, with posterior probabilities of 0.612, 0.498 and 0.500 for the ST-21, ST-45 and ST-828 complexes, respectively.
Rates of zoonotic transmission in Campylobacter
Under the host-restricted hypothesis, isolates sampled from the same source reservoir will cluster into a single clade within the phylogeny. As we sampled ST-21 complex isolates from two host species (chicken and cattle), there must have been exactly one zoonotic transfer in the tree under the restricted host hypothesis or more under the generalist model. We sampled ST-45 and ST-828 complex isolates from three host species (chicken, cattle and wild birds in ST-45 or swine in ST-828), necessitating exactly two zoonotic transfer events in the tree under the restricted host hypothesis. In fact, the total number of migration events for all three clonal complexes was estimated to be much higher than these minimum values, with 588.9 (95% credibility interval: 109.8, 1325.9), 468.7 (105.7, 1264.5) and 117.7 (36.6, 456.3) cross-species transmission events for ST-21, ST-45 and ST-828 complexes, respectively. In all three cases, the number of zoonotic transfers under the restricted host hypothesis was outside the range of the 95% credible intervals, demonstrating that isolates from these clonal complexes display host generalism and excluding the possibility of host-restricted sub-lineages.
The overall estimated migration rate was much more frequent in the C. jejuni clonal complexes compared with the C. coli (ST-828) complex. Using a mutation rate of 3.23 × 10 − 5 substitutions per site per year for calibration , this corresponds to approximately one host jump every 12 years for ST-828 compared with one every 1.6 or 1.8 years in the ST-21 and ST-45 complexes ( Table 2) . Although the credible intervals are wide, particularly for the C. jejuni STs, the finding of extraordinarily rapid rates of zoonotic transfer were robust to alternative prior beliefs. Thus, based upon the isolate collection in this study, the estimated rate of zoonosis is sufficiently rapid within ST-21 and ST-45 clonal complexes that there is no association between genetic structure and host species. This is consistent with a generalist lifestyle in which the isolates are equally adapted to transmission between versus within species.
Tracing the source of human infection
In Figure 1 , the human cases at the tips of the tree are represented with black circles, and the posterior probability of the sources for the human isolates are illustrated by the bar plots. The majority of clinical cases (462 out of 519 cases, or 89%) were attributed to a chicken source, with 53 cases (10%) attributed to cattle and 4 (1%) to pig (Figure 2) . This is consistent with results found by MLST (Wilson et al., 2008; Mullner et al., 2009; Sheppard et al., 2009 ), but the Figure 1 Maximum clade credibility trees for the ST-21, ST-45 and ST-828 complexes. Tips are coloured by host from which the sample was isolated: chicken (yellow), cattle (red), pig (pink), wild bird (green), and human (black). Branches are coloured according to the ancestral source population inferred using the maximum posterior probability. Pie charts show the posterior probability for the root of the tree. For each human case, the posterior probability of source is shown as a stacked bar plot. Scale is given in units of coalescent time. Note that a change in host may have occurred at any point on the branch, not necessarily at the node, and it is also possible to have a number of host switches occurring along a branch. appreciable probabilities (in the range 30-40%) that the direct source of transmission was non-chicken. This degree of uncertainty is comparable to the 67% accuracy of source attribution that Wilson et al. (2008) achieve with MLST alone.
Discussion
We investigated the source of Campylobacter infection in humans using whole-genome sequencing, focussing on STs that are frequently isolated from multiple host species and are therefore weakly host associated on the basis of MLST (Wilson et al., 2008; Sheppard et al., 2009 Sheppard et al., , 2014 Gripp et al., 2011) . We tested whether these STs were aggregations of strongly host-restricted sub-lineages, or whether they represented genuine generalists (Gripp et al., 2011) . We estimated rates of zoonotic transfer between Campylobacter reservoir species and attributed individual clinical cases to animal sources. Consistent with previous studies (Harris et al., 1986; Wingstrand et al., 2006; Wilson et al., 2008; Mullner et al., 2009; Sheppard et al., 2009) , we identified the chicken reservoir as accounting for the majority of human Campylobacter infections, emphasizing the importance of measures aimed at controlling food-borne disease in agriculture and the food industry.
We found that fine-scale population structure across the genome within the ST-21, ST-45 and ST-828 clonal complex isolates was not host associated. This is consistent with the existence of genuine generalist strains, adapted to transmit between and live within multiple host species. There are clear advantages of a generalist lifestyle in agricultural animal species where multiple mammalian and avian species routinely live in close proximity, giving rise to frequent opportunity for zoonotic transmission.
Some differences were observed in the relative rate of host switching between C. coli and C. jejuni. Specifically, for the C. coli ST-828 complex isolates, there was evidence for slower rates of zoonotic transfer, compared with the C. jejuni ST-21 and ST-45 complex isolates. We estimated that there were 588 migration events across the tree in the ST-21 complex and 468 in the ST-45 complex, compared with only 117 in ST-828. In all cases, we were able to reject the hypothesis of a unique host jump founding the population in each new species, with significantly more migration events than would be expected if isolates were host restricted (Table 2) . This is evidenced by the scattering of isolates sampled from different sources throughout the phylogeny.
The overall rates of migration between different host species provides information about the ecology of the generalist Campylobacter strains. Within the ST-45 complex, there was very little difference in the relative rates of transmission between host species (Table 2) . However, in ST-828 complex isolates, host switches were twice as frequent between cattle and swine compared with the rates of migration between these species and chicken. This disparity between mammal-mammal and mammal-bird transmission rates suggests that the efficacy of zoonotic transmission may be lower in the ST-828 complex compared with ST-21 or ST-45 complexes. Mammals and birds exhibit many physiological differences, including a difference in core body temperature of about 38°C in cattle and pigs versus 42°C in chickens. Variation in rates of zoonosis may be explained by differences in the route of transmission between the mammalian species, either through opportunity-for example, if cattle and pigs have more commonly shared the same physical environment-or through affinityinvolving factors associated with the ability to colonize different species. Suggestively, the average genome size of ST-828 complex isolates is smaller than that of ST-21 and ST-45 complex isolates, potentially reflecting more limited phenotypic plasticity that would limit the ability to occupy multiple divergent niches.
The environment is not thought to be important as a reservoir for clinical disease, and thus we did not explicitly include it in the model here. Current research suggests that when Campylobacter is sampled outside of the host it is typically associated with faecal contamination, with no active proliferation outside the gut. Such environmental isolates would be found associated with their most recent host. However, this does not exclude the environment as an intermediate link for zoonosis; rather, the host switching rate between two species includes the whole process of zoonosis from one to the other.
The use of a mutation rate, calibrated in calendar time units, allowed us to calibrate migration rates into calendar time. This was not possible to estimate directly from the data, owing to the lack of longitudinal sample information. The information on mutation rates in Campylobacter is limited, leading to us using a rate estimated from C. jejuni MLST data. Whole-genome sequencing has demonstrated that mutation rates in bacteria are typically on the order of 10 − 7 − 10 − 5 per site per year (Didelot et al., 2012) , which is consistent with rates estimated by MLST (Falush et al., 2001; Pérez-Losada et al., 2007; Wilson et al., 2009) . Because of the generalization of this point estimate to the rest of the coding genome and C. coli, we note that there are limitations to the estimated host switching rates and time to most recent common ancestor. The branch lengths of the tree may also have been skewed by the removal of homoplasious sites (Hedge and Wilson, 2014) . However, the branch lengths are of limited direct interest, and we do not expect them to strongly influence estimation of relative rates of transmission between host species as the topology continues to show high accuracy to the clonal frame.
By comparing an approach using relatively few isolates characterized at many loci, by wholegenome sequencing, with methods using hundreds or thousands of isolates characterized at few loci, such as MLST studies (Wilson et al., 2008; Mullner et al., 2009; Sheppard et al., 2009) , we investigated the added benefit of whole-genome sequencing for investigating lineages with rapid host switching within clonal complexes. In the majority of human cases, there was little additional information regarding source of infection provided by analysing the entire coding element of the Campylobacter genome, identified in the reference strain (Parkhill et al., 2000; Gundogdu et al., 2007) . This suggests an inherent trade-off between the number of samples and the number of loci sequenced and that the approximately thousand-fold increase in sequence information afforded by whole genomes over sevenlocus MLST does not, on its own, eliminate the need for detailed sampling. While there is evidence of the potential for whole-genome sequencing to provide greater resolution in detecting recent transmission of human Campylobacter infection from non-chicken sources, and accessory genome elements may provide host-specific information (Sheppard et al., 2013b) , this study highlights the importance of intensive sampling of potential source populations and an understanding of host transmission ecology for effective source attribution.
